Highly dispersed platinum nanoparticles were prepared using resorcinol-formaldehyde cryogel microspheres (RCM) or carbon cryogel microspheres (CCM) with controlled porous structures as the supporting materials. The size of the supported Pt nanoparticles decreased with the increase in the mesopore size of the RCM and the porous properties of the RCM decreased after loading Pt. Pt catalysts supported on CCM (Pt/CCM) showed high metal dispersion over 33 % and Pt particles with the size of 2.7～3.4 nm could be supported on the CCM. The mesoporosity of the CCM hardly changed after impregnation of the Pt precursor. The mean particle sizes of Pt dispersed on the RCM and CCM increased with an increase in the calcination temperature; Pt/RCM showed higher thermal stability than Pt/CCM. The metal dispersion of Pt/RCM increased with an increase in the oxidation temperature; the highest metal dispersion (16 %) was obtained at 195 o C. The mean particle size of Pt supported on CCM could be changed within the range 2.7～ 17.7 nm by varying the loading ratio of Pt in the range 1.2～10 wt%.
Introduction n 1)
Platinum supported on carbon materials has been applied as catalysts for proton-exchange membrane fuel cells (PEMFC) [1] , hydrogenation [2] , dehydrogenation [3] , hydrodesulfurization (HDS) [4] , and decomposition of organic compounds [5] . To obtain a high-performance supported catalyst, it is necessary to control the particle size of Pt by using a moderate supporting material. Up to now, carbon black and microporous activated carbon have been widely used as carbonaceous supporting materials [6, 7] . However, it is difficult to prepare highly dispersed Pt on carbon black because of its low specific surface area. In the case of microporous activated carbon (AC), it is possible to prepare Pt nanoparticles supported on AC (Pt/AC) with high metal dispersion. However, the prepared Pt/AC is not suitable as a catalyst for the decomposition of organic compounds with high molecular weights because they are inaccessible to the micropores of the AC. To overcome these drawbacks, † To whom all correspondence should be addressed.
(e-mail: yamamoto-t@aist.go.jp) mesoporous carbon materials having controlled porous textures can be substitute for the supporting materials.
Carbon cryogels have recently attracted attention as a new form of mesoporous carbon. Carbon cryogels can be synthesized through the sol-gel polycondensation of resorcinol [C 6 H 4 (OH) 2 ] and formaldehyde (HCHO) in a slightly basic aqueous solution, followed by freeze-drying and pyrolysis in an inert atmosphere [8, 9] . Carbon cryogels possess high BET surface areas and large mesopore volumes because of their uniform mesopores formed among the unique network structure [10] [11] [12] [13] ; therefore, they are suitable for application as new carbonaceous supporting materials. Our research has especially focused on the synthesis of carbon cryogel microspheres because carbon gels prepared in the form of microspheres are favorable for applications as catalyst supporting materials in packed bed reactors or fluidized bed reactors as a result of their high mechanical strength and high packing density. In a previous study, we successfully synthesized carbon cryogel microspheres with high mesoporosity by the inverse emulsion polymerization of a RF aqueous solution using a nonionic surfactant, followed by freeze-drying and pyrolysis [12, 14] . Their mesoporosity could be controlled by varying the amount of catalyst used in the sol-gel polycondensation [10, 15] . Furthermore, we have recently reported that the mesopore size and the particle size of carbon cryogel microspheres could be controlled simultaneously by adjusting the concentration of the nonionic surfactant used in the inverse emulsion polymerization [16] . Some methods, such as supercritical deposition, sol-gel, and impregnation methods, to synthesize Pt nanoparticles supported on RF carbon gels have been studied previously. The supercritical deposition method can provide highly dispersed Pt nanoparticles having diameters in the range 1～3 nm [17, 18] , but the supported catalyst is extremely expensive because of the high cost of the supercritical deposition method. The sol-gel method and the impregnation method are simple and economical when compared with supercritical deposition. However, it is difficult to obtain carbon gels with high BET surface areas and developed mesoporosities when using the sol-gel method because of their large macropore volumes [5, 19] . Although the impregnation method has been used for the preparation of Pt supported on carbon aerogels [5, 20] , the effects of the porous properties of the carbon gels on both the metal dispersion and the mean particle sizes of the supported Pt nanoparticles has not yet been studied in sufficient detail. The purpose of the present work was to prepare highly dispersed Pt nanoparticles on carbon cryogel microspheres (CCM) with controlled mesoporosity and on their organic precursors, resorcinol-formaldehyde cryogel microspheres (RCM). To achieve these goals, we investigated the effects of the preparation conditions, such as the porous structure of the supporting materials, the calcination temperature, and the oxidation temperature of the supported catalyst, on both the metal dispersion and the mean particle sizes of the supported Pt nanoparticles. The effect of the Pt loading ratio on the particle size was also examined.
Experimental
Preparation of RCM and CCM RCM and CCM were prepared in the same manner as previously reported [15] . Sodium carbonate (Na 2 CO 3 ) (C) and ion-exchanged water (W) were used as a basic catalyst and a diluent, respectively, for the sol-gel polycondensation of resorcinol (R) with formaldehyde (F). The molar ratio of resorcinol to catalyst (R/C) was varied within the range 200～800. The ratios of resorcinol to formaldehyde and resorcinol to diluent were fixed at 0.5 mol/mol and 0.25 g/cm 3 , respectively. RCM was obtained by inverse emulsion polymerization of a RF solution followed by freeze-drying under the same conditions reported previously [16] 
Characterization of Supporting Materials and Supported Pt Catalyst
The porous properties of the RCM and CCM were examined through nitrogen adsorption experiments using an automatic gas adsorption and desorption apparatus (BEL Japan Inc.; BELSORP mini). The adsorption and desorption isotherms of nitrogen were measured at 77 K. The BET surface areas and mesopore volumes of the samples were evaluated based on the nitrogen adsorption isotherms, and the mesopore size distributions were determined by applying the Dollimore-Heal method [21] to the nitrogen desorption isotherms. The micropore volume was also determined by applying a t-plot to the nitrogen adsorption isotherm [22] . The dispersion and the mean size of the Pt particles supported on RCM or CCM were determined through CO titration measurements using a pulsed chemisorption technique. The dispersion of Pt (D Pt ) can be calculated from the total amount of adsorbed CO (q CO ) on the catalyst:
(1)
where MW Pt , SF, and W Pt are the atomic weight (195.08 g‧mol -1
) of Pt, the stoichiometric factor (assumed to be 1), and the weight of supported Pt, respectively. The specific surface area (A pt ) of the dispersed Pt particles can be defined as follows:
where s Pt is the cross-sectional area of one Pt atom (0.08 nm uniform and spherical, the specific area and the specific volume of the dispersed Pt particles can be given as:
where n and ρ Pt are the number of Pt particles and the density of metallic Pt (21.45 gcm -3 ), respectively. Combining equations (2), (3), and (4), the mean diameter (L Pt ) of Pt particles can be derived: The metal particles dispersed on CCM were also observed by transmission electron microscopy (HD-2000 STEM, Hitachi Ltd.). TG-DTG measurement was performed using a thermogravimetric/differential thermal analyzer (EXSTAR6200, Seiko Instruments Inc.). In the TG-DTG measurement, the sample was heated up to 1000 o C in a N 2 flow at a heating rate of 2 o C‧min -1 .
Results and Discussion
Porous Properties of RC Microspheres and CC Microspheres Figures 1(a) and (b) show the isotherms of N 2 on the RCM and CCM samples employed as supporting materials for catalysts. The mesopore size distributions of RCM and CCM are also presented. According to the IUPAC definition, all of the isotherms for the RCM and CCM are classified as type-IV, indicating the development of mesopores. As previously reported by our group, the mesoporosity of the CCM can be controlled by adjusting the R/C ratio [15] . For example, the peak pore radii (r p,peak ) of the RCM and CCM can be changed within the range from 2.7 to 8.0 and 1.9 to 6.9 nm, respectively, by varying the R/C ratio within the range from 200 to 800. The porous properties of the RCM and CCM are summarized in Table 1 . The mesopore volumes of the RCM and CCM both increased with an increase in the R/C value. In contrast, the micropore volume of the microspheres remained almost constant, irrespective of the R/C ratio. These results indicate that the RCM and CCM possess developed and controlled mesoporosities. Figure 2 shows the metal dispersions (D Pt ) of Pt catalysts supported on RCM with various porous structures by the wet impregnation method. By repeating the pretreatment conditions (calcination at 500 o C in a He flow, oxidation at 195 o C in an O 2 flow, and reduction at 300 o C in a H 2 flow), the metal dispersions for all of the catalysts increased, and remained constant after the third pretreatment cycle. In addition, the metal dispersion increased with the mesopore sizes of the RCM, while the mean particle size (L Pt ) of Pt decreased. The obtained results indicate that the porous structure of the RCM signifi- cantly affects the dispersion and particle size of the supported Pt. TEM images of the Pt particles supported on RCM200 and RCM800 are shown in Figure 3 . The particle sizes of the supported Pt observed by TEM agree well with those determined using the CO titration measurement. The dispersion of Pt metal supported on RCM200 possessing relatively small mesopores was much smaller than those on RCM400 or RCM800, as shown in Figure 2 ; the particle size of Pt supported on RCM200 (Figure 3) ] could not be introduced deep into the small mesopores of RCM200. One possible reason for this phenomenon is that cohesion of the Pt precursor occurs at the entrance of the mesopores of RCM200 as a result of the interactions of Pt(NH 3 ) 4 2+ with the OH-groups bound to the aromatic structures, consequently, the mesopores are blocked by aggregation of the Pt precursor. The porous properties of the RCM and Pt/RCM before and after calcination at 500 o C in a He flow are summarized in Table 2 . It should be noted that the BET surface area, mesopore volume, and mesopore size of the RCM decreased after impregnating with the Pt precursor. Although the porous properties of Pt/RCM were improved to some extent by calcination, the BET surface area and mesoporosity were found to be lower than those of the calcined RCM without Pt loading. Especially, the porous properties of Pt/RCM200 with low metal dispersion decreased significantly. We consider that the blockage of the mesopores by the aggregation of the Pt precursor and the shrinkage of the mesopores by capillary forces during the impregnation of the Pt precursors are the major causes for the decrease in the porous properties. Figure 4 shows the metal dispersion of Pt supported on CCM samples having various porous structures. The Pt nanoparticles were loaded using a wet impregnation method. After the first pretreatment of Pt/CCM, the metal dispersion was higher when compared with that of Pt/RCM, and the metal dispersion increased gradually after repeating the pretreatment. All of the supported catalysts showed high metal dispersions (over 33 %) after the fourth pretreatment cycle. These results indicate that Pt particles with sizes of 2.7～3.4 nm were supported on the CCM. These sizes are close to those obtained in previous studies, which reported that highly dispersed Pt catalysts on conventional carbon materials, such as activated carbons [23] , carbon black, and carbon aerogels [5, 20] , had particle sizes between 1 and 5 nm. It has also been reported that Pt nanoparticles having diameters in the range from 1.2 to 5 nm show good performance as catalysts for fuel cell [24] . Hence, we believe that Pt/CCM will also be applicable as a catalyst for fuel cells and other catalytic reactions. The porous properties of CCM and Pt/CCM are summarized in Table 3 . The BET surface area, mesopore volume, and micropore volume of CCM decreased to some extent after the Pt precursor was introduced, but the mesopore sizes were barely changed after impregnation. It is noteworthy that the porous properties of Pt/CCM were maintained during the calcination at 500 o C in He flow. Furthermore, the BET surface areas and micropore volumes were larger than those of the original CCM. we believe that the increases of the BET surface area and micropore volume were due to the carbonization reaction of the CCM caused by the Pt catalyst during the calcination.
Influence of Porous Structure of RCM on Metal Dispersion

Influence of Porous Structure of CCM on Metal Dispersion
Influence of Pretreatment Conditions on Metal Dispersion
To investigate the effect of the calcination temperature on the metal dispersion and the mean particle size of Pt supported on RCM and CCM, we conducted CO titration measurements for both Pt/RCM800 and Pt/CCM800, having similar metal dispersions (cf. Figures 2 and 4) , after calcination at various temperatures; the results are shown in Figure 5 . Even when Pt/RCM800 was heated to 600 o C in a He flow, the metal dispersion and the mean particle size of Pt were barely changed. However, the metal dispersion of Pt/RCM800 decreased drastically when the calcination temperature was elevated over 700 o C and, consequently, the mean particle size of Pt increased. This result can be explained by considering that sintering and grain growth of the Pt nanoparticles occurred at high temperature. On the other hand, the metal dispersion of Pt/CCM800 decreased at a lower calcination temperature when compared with that of Pt/RCM800. The mean particle size of Pt dispersed on CCM800 increased with an increase in the calcination temperature, as it did for Pt/RCM800. These results indicate that Pt nanoparticles supported on RCM have higher thermal stability than those on CCM. To investigate the effect of the oxidation temperature on the metal dispersion of Pt supported on RCM, Pt/RCM400 was oxidized at various temperatures in a pure O 2 flow after calcination at 500 o C in a He flow. The metal dispersions of the pretreated catalysts are shown in Figure 6 . When the metal dispersion of the catalyst was measured without performing the oxidation step, the metal dispersion of Pt was only 4 %. However, the metal dispersion increased with an increase in the oxidation temperature, as shown in Figure 6 . The highest metal dispersion was obtained at 195 o C. When the Pt/RCM400 sample was treated at temperatures over 200 o C in a pure O 2 flow, the catalyst was completely incinerated. The reason for the low metal dispersion at low oxidation temperatures is that the surfaces of the Pt nanoparticles were partially covered by the organic compounds generated during the pyrolysis of RCM400. The generation of these organic compounds during calcination of Pt/RCM400 was evidenced by the decrease in the weight of the RCM, as measured through TG-DTG analysis (see below). Figure 7 shows the results of the TG-DTG analysis of o C are related to the thermal decomposition of the residual organic precursor, the decomposition of the Pt precursor, and the carbonization reaction of the organic cryogels. The carbonization reaction would involve the breaking of CO bonds at lower temperature and CH bonds at higher temperature [25] .
Influence of Pt Loading Ratio on Metal Dispersion
To examine the effect of the Pt loading ratio on the metal dispersion and the mean particle sizes of Pt supported on CCM, Pt catalysts supported on CCM200, those showing the highest metal dispersion among the tested samples, with various Pt loading ratios were prepared using the wet impregnation method. The results of the CO titration measurements are shown in Figure 8 . The metal dispersion of Pt decreased drastically with an increase in the Pt loading ratio and, consequently, the mean particle size of Pt increased. The mean particle sizes of Pt were in the range 2.7～17.7 nm when varying the Pt loading ratio within the range 1.2～10 wt%. The Pt catalyst prepared at a high loading ratio more than 5 wt% had a metallic luster on the outer surface of the CCM. These results indicate that the molecules of the Pt precursor were supported on the external surface, rather than on the internal surface, of CCM200 during wet impregnation. Therefore, the loading ratio of Pt should be adjusted to below 2 wt% to obtain highly dispersed Pt nanoparticles on CCM.
Conclusions
Highly dispersed platinum nanoparticles were synthesized by using RCM and CCM samples having controlled porous structures as supporting materials. The sizes of Pt particles decreased with an increase in the mesopore size of the RCM, and the porous properties of the RCM decreased after impregnation of Pt. Pt particles having diameters of 2.7～3.4 nm were highly dispersed on the CCM, and the mesoporosity of CCM was hardly changed after the Pt precursor was introduced into the porous structure. The mean particle sizes of Pt dispersed on RCM and CCM both increased with an increase in the calcination temperature; the highest metal dispersion was obtained at 500 o C. The metal dispersion of Pt/RCM increased with an increase in the oxidation temperature; the optimal oxidation temperature of the catalyst was 195 o C. The mean particle sizes of Pt supported on CCM were in the range 2.7～17.7 nm when the loading ratio of Pt was in the range 1.2～10 wt%. From this study, it is obvious that the degree of metal dispersion and the sizes of the Pt nanoparticles supported on CCM are both influenced by the preparation conditions, such as the porous structure of supporting materials, the pretreatment conditions of the catalyst, and the Pt loading ratio. By clarifying the relationship between the preparation conditions and the metal dispersion, we have established a method for controlling the size of the platinum nanoparticles supported on carbon cryogels. Because the Pt/CCM catalysts obtained in this study possessed highly dispersed Pt nanoparticles and developed mesoporosity, we believe that they may be used in such applications as catalyst for fuel cells, and for the hydrogenation, dehydrogenation, and decomposition of organic compounds. The performance of the Pt/CCM systems as catalysts will be examined using a model reaction in a future study. 
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